Background: Hyperprolactinemia has been reported to be associated with abnormalities of carbohydrate metabolism. The aim of this study was to evaluate the effects of hyperprolactinemia and bromocriptine (Brc) treatment on endothelial function, insulin sensitivity and inflammatory markers in pre-menopausal women. Methods: Sixteen hyperprolactinemic pre-menopausal women with pituitary adenomas were recruited and 20 healthy subjects were included as controls. Patients were given Brc in doses of 2.5-20 mg/dl until normal levels of prolactin were reached. Prior to treatment and 2 months after prolactin levels were normalized, the following tests were performed. Insulin sensitivity was determined by an oral glucose tolerance test based on a formula named the insulin sensitivity index (ISI composite). Endothelial function was measured as flow-mediated dilatation (FMD) on a brachial artery using high resolution ultrasound. Results: Serum glucose, insulin, estrogen, highly sensitive C-reactive protein (hsCRP), fibrinogen, homocysteine and uric acid levels were measured. Calculated ISI composite and FMD were significantly lower in the hyperprolactinemic group in comparison with the controls and improved after Brc treatment. Serum homocysteine, hsCRP and uric acid levels were significantly higher in hyperprolactinemic patients than in the controls and returned to normal levels with Brc treatment. Serum prolactin concentrations were inversely correlated with FMD measurements (r ¼ 20.68; P , 0.0001), ISI composite (r ¼ 2 0.48; P , 0.005) and serum estrogen (r ¼ 2 0.54; P , 0.005), and positively correlated with serum homocysteine concentrations (r ¼ 0.55; P , 0.0001) in the hyperprolactinemic group. Conclusions: The hyperprolactinemic state is associated with impaired endothelial function and decreased insulin sensitivity, which are early markers of atherosclerosis. These alterations may predispose to the development of atherosclerosis in non-treated cases. Correction of the hyperprolactinemic state is associated with improved endothelial function and insulin sensitivity.
Introduction
Although hyperprolactinemia is a common disorder, its exact metabolic consequences are unclear. Experiments in animals and humans showed that prolactin may exert a diabetogenic effect (1 -3) . Studies in hyperprolactinemic patients with or without pituitary tumors revealed hyperinsulinemia and reduced glucose tolerance (3 -7) .
The impaired glucose metabolism in the hyperprolactinemic state may be explained by enhanced peripheral insulin resistance and/or altered pancreatic beta-cell function. Various experimental and clinical studies suggest that prolactin per se may induce some kind of insulin resistance. Decreased sensitivity of peripheral tissues to insulin has been documented (4, 8) . Furthermore, islet beta cells treated with prolactin decrease the glucose stimulation threshold and enhance insulin secretion (9) .
Although the strong association between insulin resistance and endothelial dysfunction is well recognized, the influence of hyperprolactinemia on the development of endothelial function has not been studied.
The aim of this study was to evaluate the effects of hyperprolactinemia and its treatment with bromocriptine (Brc) on endothelial function, and to examine the relationship between insulin resistance and inflammatory markers in hyperprolactinemic patients.
Hospital. Twenty healthy subjects matched for age and gender were included as controls (group C). The demographic characteristics of the study groups are presented in Table 1 . A diagnosis of pituitary microadenoma was made either by an MRI scan or a computed axial tomographic scan in all hyperprolactinemic patients.
Formal tests of hypothalamic -pituitary function and pelvic ultrasonographic examination were normal. None of the patients had a concurrent illness other than hyperprolactinemia, and none of the participants were smokers or on any medication at the time of the study.
All hyperprolactinemic patients were studied prior to and following the suppression of circulating prolactin levels. Hyperprolactinemic patients were given Brc (2.5 -20 mg/dl) and the dosage was titrated monthly until prolactin levels decreased below 20 ng/dl, and the tests were repeated 2 months after reaching target prolactin levels. All measurements except the oral glucose tolerance test (OGTT) were repeated in the controls with a similar time delay. Controls and post-treatment hyperprolactinemic patients were studied in the early follicular phase.
Insulin sensitivity
Insulin sensitivity was determined by an OGTT based on the formula described by Matsuda and DeFronzo and named the insulin sensitivity index (ISI) composite (10) . Whole-body insulin sensitivity during the OGTT was calculated by the following formula:
p ðfasting plasma glucose £ fasting plasma insulinÞ £ ðmean OGTT glucose concentration £ mean OGTT insulin concentrationÞ:
After an overnight fast, OGTTs (75 g glucose) were performed between 0800 and 0900 h. Blood samples were taken just before (0 min) and 30, 60, 90 and 120 min after the administration of glucose for the measurement of serum glucose and insulin concentrations.
The homeostatic model assessment (HOMA IR ) was used (11) . Area under the curves (AUC) of glucose and insulin during OGTT were calculated according to the trapezoid rule.
Endothelial function
Endothelial function was assessed with a non-invasive method described by Celermajer et al. (12) . This noninvasive method evaluates endothelial function using post-ischemic (forearm) vasodilatation, which causes enhanced flow in the proximal brachial artery and consequently a shear stress-induced vasodilatation which is regarded as endothelium dependent.
Endothelium-dependent vasodilatation was measured using a high resolution ultrasound (GE Logic 700, Horten, Norway) with a 8.5 MHz linear-array transducer. Subjects had to rest for at least 10 min before the first scan was recorded. Increased flow was induced by deflating a pneumatic tourniquet after a 5-min suprasystolic arterial forearm compression. The post-ischemic scan was performed 45 -60 s after cuff deflation. To test endothelium-independent dilatation, further scans were performed at rest and 4 min after sublingual administration of 0.4 mg glyceryltrinitrate (GTN) as a direct nitric oxide donor. The time interval between the first and second measurements was 20 min for vessel recovery.
Vessel diameters were analyzed on frozen images over the length of an artery of . 1 cm. The difference in lumen diameter between rest and reactive hyperemia, expressed as percent change was regarded as endothelium-dependent (% flow-mediated dilatation (%FMD)), and GTN% as endothelium-independent vasodilatation.
Assays
Serum prolactin levels were measured by an electroluminescence assay (Roche Elecsys 2010, Roche Diagnostics GmbH, Mannheim, Germany). The interand intra-assay coefficients of variations were 2.8% and 3.4% respectively for a measurement range from 72 to 2332 mg/dl. Insulin concentrations were quantified with an Immulite analyzer using an immunometric method (DPC, Los Angeles, CA, USA).The intra-assay precision ranged from 4.8 to 5.4% and total precision ranged from 4.8 to 7.6% over a mean range from 10 to 439 mU/ml. Serum estrogen levels were measured by an electrochemiluminescence assay with the intra-assay variation ranging from 6.3 to 15% over a concentration range from 46 to 480 pg/ml. The inter-assay variation ranged from 6.4 to 16% over a concentration range from 56 to 486 pg/ml. Analytical sensitivity was 15 pg/ml. Glucose was determined by an enzymatic colorimetric assay. Fibrinogen levels were measured in plasma by the clotting method with an excess of thrombin (STA, Diagnostica Stago, Asnieres-Sur-Siene, France). The intra-assay variation ranged from 1.4 to 3.9% over a concentration range from 139 to 283 mg/dl, and the interassay variation from 2.1 to 3.6% over a concentration range from 136 to 275 mg/dl. Homocysteine levels were measured with a fluorescence polarization immunoassay technology (IMX, Abbott, Wiesbaden, Germany). The intra-assay variation ranged from 1.4 to 2.2% and total precision from 3.7 to 5.2% over a concentration range from 5.9 to 21.6 mmol/l.
Highly sensitive C-reactive protein (hsCRP) levels were measured by an immunoturbidimetric assay (Roche Diagnostics GmbH). The within-run coefficient of variation ranged from 0.6 to 1.3% over a concentration range from 2.3 to 9.4 mg/dl, while the day-today coefficient of variation ranged from 1.3 to 6.0% for concentrations between 2.2 and 11.5 mg/dl. The lower detection limit was 0.3 mg/dl. Serum total cholesterol, uric acid and triglyceride levels were measured by enzymatic colorimetric assays (Roche Diagnostics GmbH). The within-run and between-day coefficients of variation were 0.8% and 1.7% for total cholesterol, 0.5% and 1.7% for uric acid and 1.5% and 1.8% for triglyceride assays.
Serum low-density lipoprotein (LDL) cholesterol levels were determined by a direct automated method using polyethylene glycol-modified enzymes, sulfated cyclodextrin and dextran sulfate (Roche Diagnostics GmbH). The within-run and between-day coefficients of variation were 1.3% and 2.6% for a mean high-density lipoprotein (HDL) cholesterol level of 23^0.6 mg/dl. Plasma glucose levels were analyzed with the glucoxidase method. The within-run coefficient of variation was 0.9% for a mean concentration of 116 mg/dl and the between-day variation 1.8% for a mean concentration of 123 mg/dl.
Statistical analysis
All calculations and statistical analysis were performed with the Statistical Package for Social Sciences (SPSS Inc., Chicago, IL, USA). Comparisons between the groups were performed using the paired t-test and Student's t-test where appropriate. Correlation analyses were performed with linear regression. AUC was calculated according to the trapezoid rule. The level of statistical significance was set at P , 0.05. The results are expressed as means^S.D. Stepwise multiple regression analysis was used in multivariate analysis with endothelial dysfunction or insulin sensitivity index as the dependent variable.
Results
No significant differences were observed in systolic and diastolic blood pressure measurements or body mass index (BMI) values between the two groups ( Table 2) . All hyperprolactinemic patients reached normal prolactin levels (, 20 mg/dl) within 2-4 months after starting Brc. Fourteen out of 16 patients (87.5%) complained of nausea, dizziness or sleep disturbances but none discontinued the treatment.
Serum prolactin levels were naturally lower in healthy controls than in the hyperprolactinemic patients. Serum estrogen levels were significantly lower in non-treated hyperprolactinemic subjects compared with the controls and post-treatment levels. Serum homocysteine and hsCRP levels were significantly higher in hyperprolactinemic patients in comparison with the healthy controls and Brc-treated patients. There were no differences in serum cholesterol, triglyceride, HDL cholesterol and LDL cholesterol concentrations between the groups (Table 3) .
Healthy subjects had higher ISI composite values than before treatment hyperprolactinemic patients, while post-treatment values were similar to that of controls (Table 4 ). HOMA IR were significantly decreased following Brc treatment in hyperprolactinemic patients (P , 0.01). AUC for glucose and insulin during OGTT were significantly decreased following Brc treatment in hyperprolactinemic patients (P , 0.01 and P , 0.05 for glucose and insulin respectively). AUC for glucose and insulin were similar in controls and in the patients with hyperprolactinemia after treatment. Basal glucose and insulin levels were not different between the groups. Serum glucose and insulin levels during OGTT are shown in Fig. 1 . Endothelial function measured as FMD was significantly improved after Brc therapy (6.65^3.0% and 12.9^3.1% before and after Brc treatment respectively) in hyperprolactinemic patients (P , 0.0001). Healthy subjects (11.7^3.9% and 12.0^4.2% baseline and final measurements respectively) and Brc-treated hyperprolactinemic patients had similar FMD values. GTN values were not different between the groups at baseline or at final evaluation. There was no difference in endothelium-independent dilatation between the groups (17.3^3.2%, 19.4^4.1%, and 18.2^2.6%, 18.9^3.1% for baseline and final measurements in group P and group C respectively) (Fig. 2) . Serum prolactin concentrations were inversely related to FMD (r ¼ 2 0.68; P , 0.0001), ISI composite (r ¼ 2 0.48; P , 0.005) and serum estrogen (r ¼ 2 0.54; P , 0.005), while there was a direct correlation between serum prolactin levels and serum homocysteine concentrations (r ¼ 0.62; P , 0.0001) ( Fig. 3 ) and with HOMA IR (r ¼ 0.60; P , 0.0001) in the hyperprolactinemic group. There were direct correlations between FMD and ISI composite (r ¼ 0.39; P , 0.05), and serum estrogen levels (r ¼ 0.56; P , 0.0001), whereas an inverse correlation was observed with serum homocysteine concentrations (r ¼ 2 0.43; P , 0.005). A significant positive correlation was observed between serum estrogen levels and ISI composite (r ¼ 0.41; P , 0.0001) in all study groups.
The duration of hyperprolactinemia or Brc dosage did not affect the endothelial function.
Stepwise multiple regression analysis of all univariate significant variables including variables that failed to reach significance (age, lipids) with FMD as the dependent variable, showed serum prolactin (P , 0.005) and estrogen concentrations (P , 0.005) to be independent risk factors for endothelial dysfunction. ISI composite as an independent variable was not found to be significantly associated with any variable.
Discussion
Hyperprolactinemia is a common disorder with poorly defined metabolic consequences. The present data demonstrates that the hyperprolactinemic state is associated with glucose intolerance. Our results are in agreement with the findings of Landgraf et al. who showed that hyperprolactinemic patients had decreased glucose tolerance and hyperinsulinemia following a glucose load and suggested that prolactin is a diabetogenic hormone (3) .
Although the gold standard of measuring insulin action is the euglycemic clamp technique (13) , the ISI composite has been validated as a simple and reasonable estimate of the whole-body insulin sensitivity and has been applied in this study (10) . The altered glucose tolerance observed in our patients may be due to reduced insulin sensitivity, because the ISI composite was significantly lower in patients in comparison with the controls.
The results of this study might indicate a causal relationship between hyperprolactinemia and the combination of altered glucose tolerance and reduced insulin sensitivity. A significant relationship between prolactin and insulin sensitivity indexes ISI composite and HOMA IR might indicate a direct effect of prolactin on insulin sensitivity.
Hyperinsulinemia observed in hyperprolactinemic patients during OGTT may be due to direct beta-cytotrophic action of prolactin on the islets. In vivo and in vitro studies indicate that prolactin alters insulin secretory characteristics (14, 15) and leads to hyperinsulinemia that resembles insulin resistance (3 -5, 8) .
Factors known to influence insulin sensitivity (age, body weight and fasting glucose) were similar in patients and controls. The BMI change observed among the patients during Brc treatment may have a clinical impact, although it was not statistically significant. The non-significant weight loss could be due to gastrointestinal side effects of Brc.
Restored gonadal function during therapy could play a central role in determining endothelial function and insulin sensitivity in hyperprolactinemic pre-menopausal women. Increased estrogen levels may have an additive effect on metabolic and vascular parameters. As the coexistence of polycystic ovaries were excluded, insulin resistance seems to be associated with the hyperprolactinemic state in our hyperprolactinemic patients.
Direct effects of Brc treatment on insulin sensitivity could not be excluded in this study, and the data about the effects of Brc on glucose metabolism are conflicting. Furthermore, the effects of Brc on endothelial function are unknown. While some studies indicate that Brc improves glycemic control and glucose tolerance in obese patients with type 2 diabetes (16), others reported no effect of Brc on glucose metabolism (3) . Further studies are needed to clarify the direct effects of Brc on insulin sensitivity and endothelial function in hyperprolactinemic patients.
Endothelial dysfunction in hyperprolactinemic patients was another prominent finding in this study. Endothelial function measured as FMD was lower in hyperprolactinemic patients in comparison with the healthy subjects and improved during Brc treatment. Endothelial dysfunction could be due to hyperprolactinemia, low estrogen concentrations or insulin resistance in hyperprolactinemic patients. The stepwise regression analysis indicated that serum prolactin and estrogen levels are independent risk factors for endothelial dysfunction in hyperprolactinemic patients. Endothelial cell dysfunction is proposed to be an early event of atherogenesis (19, 20) . Previous studies reported a relationship between indirect markers of endothelial cell activation and inflammatory markers (21, 22) . Low-grade chronic inflammation, characterized by elevated concentrations of hsCRP, is associated with increased risk of atherosclerotic cardiovascular disease (21-23) and endothelial dysfunction (23) . In the present study, hsCRP levels were significantly higher in hyperprolactinemic patients than in the healthy subjects and decreased during treatment. There was an inverse correlation between serum CRP levels and FMD in all study groups. These results indicate that low-grade inflammation accompanies hyperprolactinemia and endothelial dysfunction.
Hyperhomocysteinemia is a non-traditional marker of atherosclerosis and is known to be associated with alterations of endothelial and smooth muscle cell function (24, 25) . Previous data indicate that homocysteine levels are associated with hyperinsulinemia (26, 27) and are independently associated with insulin resistance (28) . Homocysteine concentrations were higher in Figure 3 Correlation analysis between prolactin concentrations and estrogen levels, FMD and ISI composite in the subjects studied. Prolactin concentrations were inversely correlated with estrogen levels, FMD and ISI composite. There was a positive correlation between estrogen concentrations and FMD among the patients.
hyperprolactinemic patients than in healthy controls, decreased during Brc treatment and correlated with the serum prolactin levels.
In conclusion, hyperprolactinemia is associated with insulin resistance, endothelial dysfunction and low grade inflammation, all of which were reverted by Brc treatment. As these parameters are determinants of the atherosclerotic process, hyperprolactinemia may be a factor predisposing to atherosclerosis. This is the first report of a case-controlled analysis indicating that hyperprolactinemia may be associated with endothelial dysfunction and low grade inflammation. Further studies are required in order to clarify whether hyperprolactinemic patients are at an increased risk of cardiovascular morbidity and mortality.
